Background-Detailed metabolic defects in glucose and energy metabolism and abnormalities in a variety of cardiovascular risk factors are largely unknown in subjects with the metabolic syndrome. Methods and Results-We characterized the metabolic syndrome in 119 nondiabetic offspring of diabetic probands.
T he Metabolic Syndrome (MetS), a clustering of cardiovascular risk factors, is a powerful predictor of cardiovascular disease. 1, 2 When Reaven 3 introduced this concept ("syndrome X"), he included in this constellation a clustering of abnormal glucose tolerance, dyslipidemia (low HDL cholesterol, high total triglycerides), and elevated blood pressure (BP). According to his interpretation, the underlying cause of the syndrome was insulin resistance. Recently, several other candidates for this syndrome-obesity, central obesity, microalbuminuria, high levels of proinflammatory cytokines, prothrombotic and fibrinolytic factors, and oxidative stresshave been proposed. 1, 2 The importance of risk factor clustering with hyperinsulinemia as a predictor of type 2 diabetes 4 and cardiovascular disease 5, 6 has been shown in many prospective studies. However, the pathophysiology of the MetS has remained unknown, although insulin resistance 2,3 and visceral obesity 7 have been proposed as underlying causes for this syndrome.
For clinical purposes, the MetS has been defined on the basis of different cutoff points of cardiovascular risk factors, 8 a method that does not take into account the fact that cardiovascular risk factors are continuous variables. Furthermore, the components of the MetS are highly intercorrelated, and conventional statistical methods cannot be used to investigate this syndrome. Recently, factor analysis, allowing the analysis of interrelated continuous variables, has been applied in studies of the MetS. 4 -6,9 -17 In the present study, we characterized the MetS in the offspring of diabetic probands by applying factor analysis. Detailed metabolic and other measurements allowed us to quantify for the first time defects in glucose and energy metabolism and abnormalities in a variety of cardiovascular risk factors in subjects with the MetS. We also analyzed whether simple clinical and laboratory measurements (waist, insulin) are accurate enough to be used as surrogate markers for "gold standard" measurements (visceral fat evaluated by CT, insulin sensitivity evaluated by the euglycemic hyperinsulinemic clamp) to define the MetS for clinical practice.
Methods

Subjects
The subjects were healthy nondiabetic offspring of patients with type 2 diabetes. The diabetic patients (probands) were randomly selected from type 2 diabetic subjects living in the region of the Kuopio (Finland) University Hospital. Spouses of the probands had to have a normal glucose tolerance in an oral glucose tolerance test. A total of 119 offspring (1 to 3 from each family) were studied. The Ethics Committee of the University of Kuopio approved the study protocol. All study subjects gave informed consent.
Study Design
On the first day, BP was measured in subjects a sitting position after a 5-minute rest with a mercury sphygmomanometer. The average of 3 measurements was used to calculate systolic and diastolic BPs, as well as the mean BP [(2 ϫ diastolic BP ϩ systolic BP) / 3]. Height and weight were measured to the nearest 0.5 cm and 0.1 kg, respectively. Body mass index (BMI) was calculated as weight (kg) divided by height (m) squared. Waist (at the midpoint between the lateral iliac crest and lowest rib) and hip circumference (at the level of the trochanter major) were measured to the nearest 0.5 cm. Fasting blood samples were drawn after 12 hours of fasting, followed by an oral glucose tolerance test (75 g glucose). Subjects with nondiabetic glucose tolerance 18 were included in further studies. On the second day, after a 12-hour fast, an intravenous glucose tolerance test (IVGTT) and the hyperinsulinemic euglycemic clamp, including indirect calorimetry, were performed. A CT scan was performed to evaluate the amount of abdominal fat, and an exercise test was done to determine maximum oxygen uptake.
Metabolic Studies
An IVGTT was performed to determine the first-phase insulin secretion capacity after an overnight fast. After baseline blood collection, a bolus of glucose (300 mg/kg in a 50% solution) was given within 30 seconds into the antecubital vein. Samples for the measurement of blood glucose and plasma insulin (arterialized venous blood) were drawn at Ϫ5, 0, 2, 4, 6, 8, 10, 20, 30, 40, 50, and 60 minutes.
After an IVGTT, the degree of insulin sensitivity was evaluated with the euglycemic hyperinsulinemic clamp technique (insulin infusion rate of 40 mU · min Ϫ1 · m Ϫ2 body surface area) as previously described. 19 Blood glucose was clamped at 5.0 mmol/L for the next 120 minutes by infusion of 20% glucose at various rates according to blood glucose measurements performed at 5-minute intervals. The mean amount of glucose infused during the last hour was used to calculate the rates of whole-body glucose uptake (WBGU).
Indirect calorimetry was performed with a computerized flowthrough canopy gas analyzer system (DELTATRAC, TM Datex) as previously described. 19 The mean value of the data during the last 20 minutes of the clamp was used to calculate glucose and lipid oxidation. 20 The rates of nonoxidative glucose disposal during the clamp were estimated by subtracting the rates of glucose oxidation from the glucose infusion rate.
Body Composition, Fat Distribution, and Cardiopulmonary Exercise Test
Body composition was determined by bioelectrical impedance (RJL Systems) in subjects in the supine position after a 12-hour fast. Abdominal fat distribution was evaluated by CT (Siemens Volume Zoom) at the level of fourth lumbal vertebra. Subcutaneous and intra-abdominal fat (IAF) areas were calculated as previously de-scribed. 21 The cardiopulmonary test was performed with a bicycle ergometer (Siemens Elema 380) until exhaustion. Respiratory gas exchange was analyzed continuously during the test with a computer-based system (Sensor Medics 2900, Metabolic Measument Cart/System). The average values of oxygen uptake measured during the last 20 seconds of the exercise were used to calculate maximum oxygen uptake.
Laboratory Determinations
Blood and plasma glucose were measured by the glucose oxidase method (Glucose & Lactate Analyzer 2300 Stat Plus, Yellow Springs Instrument Co, Inc), and plasma insulin and C-peptide were determined by radioimmunoassay (Phadeseph Insulin RIA 100, Pharmacia Diagnostics AB; 125J RIA Kit, Incstar Co, respectively). Cholesterol and triglyceride levels from whole serum and from lipoprotein fractions were assayed by automated enzymatic methods (Roche Diagnostics). 8 Serum free-fatty acids (FFAs) were determined by an enzymatic method from Wako Chemicals GmbH. 
Statistical Analysis
All data analyses were performed with SPSS 11.0 for Windows programs. The results for continuous variables are given as meanϮSD and for cytokine levels and insulin response in an IVGTT as meanϮSEM in the figures. The differences between the 3 groups were assessed by ANOVA for continuous variables and by the 2 test for noncontinuous variables. ANCOVA was used to adjust for family relationship (all comparisons) and other confounding factors. Variables with skewed distribution were logarithmically transformed for statistical analyses. Factor analysis was used to reduce a large set of intercorrelating variables into a smaller set of latent underlying factors as previously described. 4, 5, 9 We used the principal components method for extraction of the initial components. Factors with eigenvalues Ն1 were retained, and varimax rotation was applied. Variable loadings Ն0.40 were considered significant in the interpretation of factors. The factor score from the analysis was categorized into the factor tertiles. The incremental insulin area under the insulin curve in an IVGTT was calculated by the trapezoidal method. Table 1 presents anthropometric and metabolic characteristics of the study population. Of the 119 participants, slightly more than half were women (102 study subjects had a normal glucose tolerance, 15 had impaired glucose tolerance, and 2 had impaired fasting glucose).
Results
Cardiovascular risk factors (120-minute glucose, fasting insulin, BMI, waist, HDL cholesterol, total triglycerides, mean BP, rates of WBGU, IAF) correlated significantly, and the highest correlations were among the parameters measuring obesity (waist and BMI, rϭ0.523, PϽ0.001), whereas mean BP correlated only weakly with other components of the MetS (Ͻ0.40). Pearson correlation coefficient between fasting plasma insulin and the rates of WBGU during the clamp was Ϫ0.572 (PϽ0.01) and between waist and IAF area was 0.700 (PϽ0.01). Table 2 presents the results of factor analyses. Model 1, including, among other cardiovascular risk factors, simple clinical measures of insulin resistance (fasting insulin) and abdominal fat (waist), resulted in one factor, the MetS factor, that explained 46.2% of the total variance. Waist (0.830) and fasting insulin (0.760) had the highest loadings. Substituting waist by IAF area assessed by CT and fasting insulin by the rates of WBGU during the clamp also resulted in one factor solution having the highest loading for IAF (0.802) (Model 2). Percentage of variance explained was quite similar to that in model 1 (43.3%). However, when IAF was replaced by subcutaneous fat, a 2-factor solution was obtained. When BMI was not included in the analysis, the results remained essentially unchanged. When both systolic and diastolic BPs instead of mean BP were included in the model, factor analysis yielded a 2-factor solution, with only systolic and diastolic BPs having significant loadings (Ͼ0.4) on the second factor. We also performed factor analysis including fasting glucose, 120-minute insulin, systolic BP, and diastolic BP, in addition to variables in model 1, in the analysis. This model resulted in 4 separate factors (factor 1, glucose/insulin factor; factor 2, obesity/insulin factor; factor 3, lipid factor; factor 4, BP factor) (see Data Supplement Table I for details) . When adiponectin, CRP, ICAM, and maximal oxygen uptake also were included in the model, the 4-factor solution was obtained (adiponectin loaded with fasting glucose and insulin and lipids; CRP and ICAM with obesity, and maximal oxygen uptake with glucose and insulin) (see Data Supplement Table II for details).
Subjects were divided into the tertiles of factor scores based on model 1 ( Table 2) ; the highest factor score tertile represented subjects having the MetS. Glucose oxidation (PϽ0.001, adjusted for gender) and nonoxidative glucose disposal during the clamp (PϽ0.001 adjusted for gender; Figure 1A ) decreased and compensatory hyperinsulinemia in an IVGTT (Pϭ0.003) increased with increasing factor score. The amount of IAF and subcutaneous fat also increased with increasing MetS factor score ( Figure 1C and 1D ). In contrast, adiponectin level decreased significantly (Pϭ0.001, adjusted for gender and IAF; Figure 1B) . Energy expenditure during the clamp decreased linearly among the MetS factor score tertiles (Pϭ0.031 adjusted for gender; Figure 2 ), as well as maximum oxygen uptake (PϽ0.001 adjusted for gender). In contrast, the rates of lipid oxidation increased (Pϭ0.001 adjusted for gender), which was also seen as a decrease in respiratory quotient (PϽ0.001 adjusted for gender). FFA levels during the clamp increased over the MetS factor score tertiles (Pϭ0.003, adjusted for gender).
The associations between fasting cytokine levels and the MetS factor score tertiles are shown in Figure 3 . A statistically significant increase in high-sensitivity CRP level (PϽ0.001, adjusted for gender and IAF) was found with increasing MetS factor score. In addition, cytokines increased (all probability values adjusted for gender and IAF) with increasing MetS factor score (IL-1␤, Pϭ0.015; IL-1RA, Pϭ0.002; IL-6, Pϭ0.042; IL-8, Pϭ0.014). There were no significant differences in TNF-␣ and IL-10 levels after the adjustment for gender and IAF. P-selectin (Pϭ0.056) and ICAM-1 (Pϭ0.006) increased with increasing MetS score, whereas no change was observed in E-selectin and VCAM-1 (Figure 4) .
We also compared all gender-adjusted parameters measured in those with and without MetS according to the National Cholesterol Education Program Expert Panel on Detection, Evaluation, and Treatment of High Blood Cholesterol in Adults (Adult Treatment Panel III) (NCEP ATPIII) criteria. 8 Compared with subjects without the MetS, those with the MetS according to this definition had higher amount of IAF (PϽ0.001), lower rates of WBGU (Pϭ0.001) and oxidative (Pϭ0.002) and nonoxidative (Pϭ0.001) glucose disposal, lower energy expenditure (Pϭ0.040), and higher FFA levels (Pϭ0.001) and lipid oxidation (Pϭ0.006) during hyperinsulinemia, as well as lower adiponectin levels (Pϭ0.002) and maximum oxygen uptake (Pϭ0.001). Model 
TABLE 2. Results of Factor Analyses Using Different Measurements of Insulin Sensitivity (Fasting Insulin or Rates of WBGU) and Visceral Obesity (Waist Circumference or IAF in CT)
Discussion
Our study demonstrated that subjects with the MetS have multiple defects in glucose and energy metabolism, an excess of IAF, and hypoadiponectinemia. Furthermore, high levels of cytokines and adhesion molecules were associated with the MetS, indicating that low-grade inflammation and endothelial dysfunction are essential findings in subjects with the MetS. Factor analysis is a particularly useful statistical method in studies of highly intercorrelating variables, as is the case with the putative components of the MetS. Our study showed that one factor, the MetS factor, explained almost half of the total variance among the variables included in statistical analysis. Furthermore, we demonstrated for the first time that fasting insulin and waist circumference gave results similar to insulin sensitivity measured directly by the hyperinsulinemic euglycemic clamp and IAF assessed by CT. These results indicate that fasting insulin level and waist can reliably be used to define the MetS for clinical practice.
Results of factor analysis, yielding only one factor for the MetS, differ somewhat from previous studies. Most studies have yielded 2 to 4 factors. 6, 9, 10, 12, [13] [14] [15] 17 However, the finding of an obesity-hyperinsulinemia factor is rather consistent throughout different studies, 3-6,9 -11,13,15 and in most cases, this factor has also included dyslipidemia (HDL cholesterol and triglycerides). 3-6,9 -11,14,17 A separate BP factor having high loadings for systolic and diastolic BPs has been a rather consistent finding. 4, 6, 9, [11] [12] [13] [14] [15] However, almost all these analyses have included both systolic and diastolic BPs. When we repeated statistical analyses similarly, we also ended up with 2 separate factors. Furthermore, when we included 0-and 120-minute glucose and 120-minute insulin levels in the model, we obtained 4 separate factors often reported in previous studies.
Presenting the results of factor analysis as factor scores gave us an opportunity to obtain important information on metabolic abnormalities associated with the MetS defined as the highest tertile of the factor score. According to the NCEP ATPIII criteria 8 the prevalence of the MetS in our study was 10.9% in men and 9.2% in women. All 13 men and 9 of 11 women who had the MetS according to the NCET ATPIII criteria belonged in the highest MetS factor score tertile, indicating that the NCEP ATPIII criteria are quite specific for the MetS but that their sensitivity is likely to be rather low.
Our novel findings were that during hyperinsulinemia the MetS was associated with reduced rates of glucose oxidation and nonoxidative disposal, high rates of lipid oxidation, low energy expenditure, and impaired suppression of FFAs. Furthermore, the MetS was associated with a low adiponectin level, a high amount of IAF and subcutaneous fat, low maximum oxygen uptake, and high levels of CRP, proinflammatory cytokines, and adhesion molecules.
The tight link between insulin resistance and visceral fat in the MetS seems to be the basis of this syndrome, although we cannot conclude which is the primary abnormality. In addi- tion to skeletal muscle, we observed insulin resistance in adipose tissue, because hyperinsulinemia was not able to suppress FFAs among subjects with MetS. Consequently, lipid oxidation was significantly elevated, which could, at least in part, be responsible for low rates of glucose oxidation during hyperinsulinemia. Impaired suppression of FFAs during hyperinsulinemia in subjects with the MetS contributes to elevated production of VLDL particles in the liver and thus hypertriglyceridemia. 23 However, causes of hypertriglyceridemia in the MetS are likely to be multifactorial, and other factors, in addition to the FFA flux into the liver, probably contribute to the dyslipidemia observed in these subjects.
Lower energy expenditure during the hyperinsulinemic clamp in subjects with the MetS is a novel finding. This finding may indicate that subjects with this syndrome have a lower increase in meal-induced thermogenesis and thus a tendency to gain weight. In addition, low energy expenditure during hyperinsulinemia could indicate central insulin resistance.
Adipose tissue secretes a variety of molecules and adipocytokines, including TNF-␣, IL-6, and adiponectin. Adiponectin is produced abundantly in adipocytes, and in subjects with an excess of IAF, adiponectin levels are low. 24 High adiponectin level correlates with high insulin sensitivity. 25 We found that the MetS was associated with a high amount of IAF, a low adiponectin level, and elevated levels of cytokines and adhesion molecules. Adiponectin inhibits the expression of ICAM-1, VCAM-1, and E-selectin 26 and has several antiatherogenic 27, 28 and antiinflammatory properties. Thus, hypoadiponectinemia can be responsible for endothelial damage and a low-grade systemic chronic inflammatory state.
Previous studies have shown that CRP, IL-6, and TNF-␣ predict type 2 diabetes 29 and coronary heart disease. 30 In our study, the most marked elevations were found in IL-1RA and IL-1␤, whereas TNF-␣ did not differ between the factor score tertiles. Therefore, conventionally determined cytokines, TNF-␣ and IL-6, may not be the best markers for the MetS. P-selectin and ICAM-1 were also associated with the MetS, whereas E-selectin and VCAM-1 were not. The association of adhesion molecules with the MetS is logical because they have a close interaction with proinflammatory cytokines. Adhesion molecule expression is induced by proinflammatory cytokines such as IL-1␤, TNF-␣, and CRP produced by the liver in response to IL-6. 31 In conclusion, our findings add new information for the understanding of metabolic abnormalities in the MetS. Our results show for the first time that insulin resistance in people with the MetS is seen not only in skeletal muscle but also in adipose tissue, leading to multiple defects in glucose and energy metabolism, hypoadiponectinemia, and elevated levels of proinflammatory cytokines and adhesion molecules. These results give further evidence that the MetS is an important risk factor for cardiovascular disease, but follow-up studies are needed to confirm this hypothesis. 
